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radiation). Six specimens, two at each exposure, were stained with trypan blue
(TB); nine specimens, three at each exposure , were stained with tetrazolium
salt medium (TNfr); -nd three specimens, one at each exp)sure, were stained

with h(-nwtoxylin. Each control cxornea was stain(d with the same as the match-
ing spcimen. All specimens were processed for histologic examination by
ce-*dding in Epon. The combined use of TB and TNBT staining procedures allows
detection of subtle alterations of the corneal endothelium at irradiances as 1o
is 15 watts/an 2 of CO2 laser (10.6 Jm radiation for a 100 msec exposure. At
irradiances from 35 to 65 watts/camn, a progressive increase in the incidence of
altered cellular viability and enzyme activity is induced. As these techniques,
in combination, are applied, the response of the corneal endothelium to infra-
red iaser radiation and its dose dependence can be described more accurately.,
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ABSTRACT

Specimens of corneal eundothelium of adult Rhesus monkeys wer,!
cvaluattd for alteratons by one of three staining technique.;. )tie
cornea from each animal had been exposed to carbon 2 dioxid,, last-
radiacion (at 10.6 urn, 100 nsec, 65, 45 or 35 watts/cm , spot diameter
of 3.2 mm at the I/e intensity points) and removed surgicaly two hours
at'ter exposure. The other eye of each of the 18 monkeys served as
controls (tney were not exposed to laser radiation). Six specimens.,
two at each exposure, were stained with trypan blue (TB); nine
specimens, turee at each exposure, were stained with tetrazolium salt
medium (TNBT); and three specimens, one at each exposure, were stained
with hematoxylini. Each control cornea was stained with the same a:;
the matching specimen. All specimens were processed for histologic
examination by embedding in Epon. The combined use of T8 and TNbT
staining procedures allows detection of subtle alterations of the
corneal endothelium at irradiances as low as 35 watts/cm- of Co iaser

(10.6 PIn) raiaLion for a 100 msec exposure. At irradiances rom 35
to 65 watts/cm , a progressive increase in the incidence of altered
ceiLular viability and enzyme activity is induced. As these
techniques, in combination, are appLied, t.he response of the cornedl
endouhelium to infrared laser radiation and its dose Jependence can bu
described more accurately.
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"ki stuiy incor)orated te lengthy embedment procedures that
ere. acceptable prior to 1975. Currently, plastic embedment involves
nfiltration (2-4 hr at room temperature) in the propylene oxide-Epon
mixture, and embedment is carried out overnight (- 14 hr, 700 C).
Since these two steps considerably shorten the overall procedure
describej in fable 1, tney are recommended as a substitution for the

la3t tiree step' (; )

1a

b



TAbLE OF CONIENTS

Pate

Ab s t ra...c t .... .... ... ...

Preface............................. . .. ..... . . .. . . ...

Table of Contents........................ . . . .. . .. . . ...-

List of Figures........................

List of Tables.......................V

BOD)Y OF REPORT

Introductory paragraph....................

METHODS............................ .. .. .... ... .. ....

,;u~jects, Exposure, and Surgical Proced ure..... .. ......

Techn iqu........................2

Trypai blue (TB)...................2

Tetrazolium salt (TNBT)................2

lematoxylin......................

RESULTS AND DISCUSSIO...................2

Gross observations....................2

Light microscopy.......................4

Trypdrl blue (TB)...................4
Tetrazolium salt (TNBT)................6
HemaLoxylin.....................6

CONCLUWION:. A14D RECOMME N DAT1IONS...............8

0131 iiUtj1ON LIST.......................10



LIST OF FIGURES

Page

Figure 1 - Corneas of three Rhesus monkeys, one hour
post irradiation (65, 45, and 35 watts/cm2) 4

Figure 2 - Trypan blue 5taining of irradiated (65 and
(35 watts/cm ) sites two hours post 5
exposure

Figure 3 - Lesions stained with tetrazolium salt (TNBT)
and counterstained with hematoxylin (45 watts/cm ) 7

Figure 4 - Hematoxylin 5taining two hours post irradiation 7

(65 watts/cm

iv



LIT OF TAULES

Table 1 - Incubation medium (after Yanoff and Tsou (7))

Table 2 - Histoenemical techniques

V



CORNEAL ENDOTHELIUM AFTER INFRARED LASER EXPOSURE

Evaluation of Techniques to Study Corneal Lesions
--Schuschereba et al

Alterations in both structure (1-4) and enzyme activity (5) tn

the various layers of the cornea irradiated by the CO laser (10.6 pl)
have been demonstrated. Fluorescein staining and slit-lamp

observations of the epithelium have been made; however, no evaluation
of the corneal endothelium has beer) made to determine if it
affected at doses which damage the epithelium and superficial stroma.
in addition, no specialized histopathological techniques have buen
used to assess the sensitivity of the endothelium to such irradiances.
Therefore, by testing for cell viability (6) and enzyme activity (5),
we have sought to evaluate several techniques ,;hich could pojsibly
reveal whether or not endothelial cell alteration occurj. Tllc
combined use of these technique. will aid in defining the

dose-response relationsnip for the enduthelial change.

METHODS

Subjects, Exposure, and Surgical Procedure

The corneas of 18 adult Rhesus monkeys were involved in thce
studies. A surgical level of anesthesia (sodium pentobarbiti
intravenous 10 mg/kg of body weight) wa: used for all procedures.
Pupils were dilated with 1% tropicamide (Mydriacyl) and IA,
cyclopentolate hydrochloride (Cyclogyl).

One cornea of each adult Rhesus monkey was exposed to CO., laser
radiation at 10.6 pm. The other cornea in each of the monkys was
used as its control. Irradiances of 65, 45, and 35 watts/cm- were
used in this investigation. All exposures had a pulse duration of 100
msec. The intensity distrubution was Gaussian with an irradiance

diameter of 3.2 ram at the l/e intensity points. The intensity
distribution and irradiance diameter were measured at. the exposure
plane with a scanning thermocouple. Laser power measurements were
made with a calibrated detector (Coherent Radiation Laboratories;,
Model 201).

After slit-lamp examination of fluorescein-stained corneas. whole
eyes were enucleated, within two hours after laser exposure. E:-ieh was
pI1aCed iii a disseoting vial lined with i,)li ne moistened gauze pad;.
The corneas, including, a 1 mm scierai rim, were exoi sod j:,
atraumaically as possiOle arid rinsed in normal salinie. Flie excisi,,ii

consisted of ma~ing a 2 rim lateral incision along the limbooclerL
juctctiun with a silldlrp blad e and subse(Iuvnt removai w;th ,in, -. i
,3cLssors. After the enuckletion, the animals were sacril iceK
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The exp(u3ed crneiS, were staiined by three techniq~ues: lrypan blue

L!Iox y-1 ,41J ' plleny erije) dietetrazoliuim- chloride ( TN3T) , 9 zspecimeis;
and Delatield's hematoxylin, 3 specimens. Each control (unexposed)
!ortiea was staiined by tht2 saiie *tecnnjique as the paired irradiated

TFr ypiti L,1 kie ki ) . ix cur nIus, two at f Ai of tn~ iree ex po sure
1 v 0 13, were, use d. f~t er a ure r inse , excess sai Ine was; olotted
f rom tri- .-urriea L cup wi Lti bibu loi-, paper . Two drops of 0 .'-3 trypani
h Ic ie normaL sa. in tie s on.ion were placed d iructiy Lito toe Inverted
cucne;ii cup, outc~ n el y the endothelium. A fte r L.wo i n u teos ) V

ta i 11.1 tine curne oas we ur e r 13 sed inr sal ne anid the endoriel jumn
inrinediately photographed. Specimens were then transfer-red to 0.1
phosphate b uffe red 3. 0% Aluar aide nyde, sol ution anld embeddjed In
piau-tio ( Table 1) .

fevnra:oliun salt (Tu).A total. of' n ine corneas , three fr om
CtLeh exposure lovel , werett; e~ a ) Jated dfter L-~~it anfeswere
1 n'Jd batee! at '( C for ,,i x hour s in TNi3T :ted i ua ( TablIe 2) Co r
t .- iinrnL tr- i1,oi. io o f diL- anid t rip)t.o spriyop y r id i r t nucle-oti de ( LIPI and
'1"PNH) activity 7).After incubat-ion, the couineas were fixed in 101
0. 1 M ' osn ~ b u f fe reu forniel in f'or one week. dUe fepec iwen from

tx fus)ure ajs tiyd nal,-i Oi( ortia i saline) ano L.,pi cal y 3aL ied wiJ

hkiema tuxy I In . All i,iSsuesO were then processed by s;tandard psl
erniLd ni) infetno(Is (TIa bl1e 1) and sectioned at ~4 m ic;ron:; o

hi stolot,,ie olservation.

Jjt2;1i]o x yl in. IA tot, a L o three corneas 6, one fromn each exposure
Ic tL wSu,;ed . 1.nwed, 1e Iy 11 ',rcxcisi () on l ureaS were topically

sta tI ed for- 1 ni nute with ziouecous iennatox vi i n (1:1 as a basc I ine
vl oat wn j,,,inist which the T1b :ild TNiiT resuit~s could be coinpared.
ACt or inri'Lt i al observat ion , c o r iteas were Ifixed in 0.1 11 phosphate
!hUf'1(r~ ke4)11 7. 3) )'.( 0% lutaraldehydt , cnnbedoieu ini p Lastic _,Table 1)
iCt joned at 3-14 microns, anid photographed.

HJ.T;AND Di3CUSSIOlN

ri;aob.,;urnvat ionLs

At, W) wan.ia/em' C Fi , re id) , dl -ind 45 Att cmn/: ' Fiture lb ) the
or~ea; WreopaciLied.



Table 1. Cytochernical and -istologi,.,ai Techniques

Staining a 1  Stain trypan blue (0.5%) 2.0 mfini

or

b 1  Incubate TU3T 6 hir 3YC

Fixation a 2  3.0% glutaraldehyde in 4 hir
0. 1 M phosphate buffer
(pH 7.3)

or

b 2  105 fortnalin in 0. 1 Hi 1 wi<

pnosphate buffer (pH 7.3)

Wash 0.1 M phosphate buffer (pH 7.3) .30 mill

Staining *Delafield's heltnatoxylin 2 iun
(topically 1:1)

Dehydration Graded ethaniols 4I. hir

Propylene oxide 1.5 hr

Infiltration Propylene oxide - Epon #4 nr 45C
(stoppered 1:1)

Propylene oxide - Epori *14 nr 37C
(unstoppered 1:1)

Embedding New 100% Epon t3 days 60C

aTrypan sequence. b. NOT sequence. *Optionai. +See third paragraph
of Preface.

Table 2. Incubation Medium (After Yanoff and Tsou (7)

Tatrazolium salt 10 mg
Reduced diphosphopyridine nucleotide (DPNH) 20 mg
Phosphate buffer 0.1 M (pH 7.2) 10 ml
Sucrose 1.25v,

3



Figure 1. Slit lamp photographs of the corneas of two rhesus monkeys, one hour after exposure to CO2
laser irradiation (10.6 pm) for 100 msec. The corneal irradiances of the lesions were 65 watts/cm 2 in a
(arrow) and 45 watts/cm 2 (left lesion) and 35 watts/cm 2  (right lesion) in b (arrows).

Direct observation of the corneal endothelium after excision and
TB staining revealed focal areas of lightly stained cells (Figures 2a,
b, c, and d). These stained areas appeared as patches of cells in a
film-like layer in the corneal cup. Usualy this layer of cells
floated away in the bathing solution before photography could be
completed.

The TNBT-staining of' the corneal button revealed that only the
opacified epithelium did not stain deeply, while the surrounding
cornea and controls turned brownish-purple. The staining difference
could not be detected on the endothelial side sufficiently because of
lack of contrast.

Hematoxylin staining resulted in an overall blue-darkening of the
cornea which also precluded endothelial observation. The stain
uptake, however, was reduced at the opacified site.

Light Microscopy

Trypan blue (TB). The TB technique at 65 watts/cm2 showed marked
endothelial cell staining (Figures 2a and 2b) beneath the center of
the lesion (approximate size of stained area 1.5 mm in diameter).
Some peripheral TB staining surrounded the lesion but in an incomplete
circumferential pattern (Figure 2c). At the lower irradiances
directly beneath the exposed site, only a few endothelial cells

absorbed stain which gave the appearance of diffuse localization
(Figure 2d). The number of stained cells decreased as the irradiances
were lowered. No peripheral endothelial cell staining was observed at
45 and 35 watt/cm 2 levels (Figure 2d) and no staining of the cells

occurred in the controls (Figure 2e).

Histologic sections of the 65 watt/cm2  lesions usually

4
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Figure 2. Trypan blue (TB) staining of the cornea, . TB staining of the irradiated (65 watts/cm2 ) Site
two hours post exposure and a view of the epithelial surface (X3 5). Ridges (arrow) of the epithelia] sur-
face extend from the center of the lesion to the periphery (P); asterisks (*) indicate areas where the
endothelium (beneath this view of the lesion) was stained with TB, as seen in b and c. b. View of the
stained underlying endothelial cells (XIOO) from a (left side). C. Peripheral island from area beneath
the lesion's edge (XIOO) from a (right side). d. TB staining of the endothelium two hours post ex-
posure (35 watts/cm 2, X25); the stained cell clusters (arrows) are diffusely localized beneath the center
of the lesion. C. The control (non-irradiated) endothelium treated with TB (X150) did not take up
the stain.
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deiiunstr ate d missing endothelial cells. At the lower levels o
irr-adiation, the sections had focal areas of lost cells, while the
remaining cells appeared normal. On longitudinal sections of the
cornea, the number of missing cells decreased with decreasing
irradiance. The additional processing of the corneas, after TB
staining, probably contributed to the loss of some endothelial cells.

Tetrazolium salt (TNBT). All irradiated corneas incubated in
rNLMT medium and subsequently sectioned indicated that the DPNH and
'PNI activity in the epithelium at the lesion center was decreased as
evildenced by a decreased formazqn percipitate (Figure 3). Others (5)
navw found, at tie 65 watt/cme level, an increase in enzyme activity
at. i)oth te epithelium and enr-thelium, while we clearly demonstrated
that enzyme activity decreased at the epithelium and increased at th
endothelium. Our demonstration, owever, was at the 45 watt/cm
rather than at the 65 watt/cm level. The differences in the two
tindirigs may lie in the amount of time allowed before and during the
corneal incubation (Table 1). In our study we allowed two full hours
before incubation, this period of time allowed metabolism to
iccommodate activation or inactivation, and, therefore, the clinical
pfiyLure is represented more accurately. In addition, we demonstrated
that the basal epithelial cells at the lesion periphery showed a
pretlerential TNBT uptake (Figure 3) similar to that previously
reported for the normal dog cornea (7). Topical counterstaining with
hiematoxylin resulted in the blue staining of the superficial cell
layers which could be easily distinguished from the brownish-purple
forinazan of the TN8T which also gave an outline to the otherwise

invioiblle tissue (Figure 3).

L1nadequate specimen preparation, due to endothelium friability,
pr(cluded an accurate deter ination of endothelial cell enzyme
activity in the 65 watt/cm lesions. We were, however-, able to
, lemt)istre a denser form2zan precipitate i the endothelium of the 45
wat.t/cm' lesions, but not of the 35 watt/cm lesions. TNBT staining,

triorefoY., suggests an elevated endothelium cell metabolism for the 45
watt/-m exposures. The precipitate at the 35 watt/cm level could
rot be dL;tinguished from controis. This could be due to one of three
r'.a:,3ons or their combinations: 1) The endothelial metabolism was not
alt,:red at ,hi:; dose, 2) the percipitate density was too subtle for
tre human eye to detect a dcnsity difference when compared to
e:ontrol- , 3 the saline rinse neutralized any metabolic differences
du.. to an osmotic or temperature effect.

l(-matoxylini . Corneas stain.:d with hematoxylin demonstrated stain
lpt;ke w!hre cell junctions were oroken (Figure 4a) and a selective

roduced staining of the epithelium at opacified sites (Figures 4b and
,. Wnerc' -elI-; were lost prior to sta~rinng, a stain penetration of

AP to 1 ho inn occurred into the stroma ( Figure 4c) . The lower
(41 and o, waLtL;/cin' produced no discernible changes as

'vidt.nc'ed by the topical stain in , with hematoxylin.

Ill--- -6



Figure 3. Lesion stained with tetrazolium salt
medium (TNBT) and counterstained with hematoxy-
lin (45 watts/cm 2 , X450). Note that the enzyme
activity is suppressed near the center of the lesion (c)

aand enhanced at the periphery (p). Basal epithelial
cells show less stain uptake at the center (single arrow)
tdan at the edge (double arrow).

Figure 4. lematoxylin staining two hours after irradiation at 65 watts/cm2 . a. A large vacuole (v) is
present in the epithelium at the periphery of the lesion (X450); note the dense staining and absence of
endothelium beneath the vacuole (A. b. Photograph (XlOOO) illustrates the epithelial undulation
and loss of cellular definition in the lesion center; the indulation represents, in cross section, the ridges
illustrated in Figure 2a.

C. In the lesion center, the descement
"membrane and the stromal keratocytes

show stain uptake where the endothe-
lial cells were lost (X450); note the
undulation of the epithelium and depth
of staining; compare with the staining
depth at the periphery in Figure 3.

-.. . . .. . -. . ... ... .... - - - .,.-. .,- -- ~ . ... .. . .. . .. . ... . .... . .. 4~... . .. .
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CiINCL(I-OJr1S AND RECOMMENDATIONS

The combined use of TB and TNBT staining procedures allows
detection of subtle alterations o the corneal endothelium at
irradiances as low as 35 watts/cm of CO laser (10.6 pm) radiation
for a 100 msec exposure. Based on the incidence of endothelial cell
staining with TB, few (if any) endo helial alterations would be
expected at irradiances below 35 watts/cm for 100 msec exposures. At
the light microscope level and with the use of the TNBT technique the
35 watts/cm irradiance does not appear to alter edothelial cell
enzyme activity. At irradiances from 35 to 65 watts/cm a progressive
increase in the incidence of altered cellular viability and enzyme
activity is induced. As these techniques, in combination, are
applied, the response of the corneal endothelium to infrared laser
radiation and its dose dependence can be described more accurately.

Quantitative anlaysis of precipitate density at the electron
microscope level should provide a means for improved assessment of
DPNH ana TPNH activity. The quantitative approach is feasible because
TNBT lormazans can be complexed with osmium tetroxide to form electron
opaque deposits (7).

7
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